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Small-angle X-ray scatteringa b s t r a c t
The formation of Cu–Mg clusters in an Al–Cu–Mg aluminum alloy is observed by small-angle X-ray scat-
tering during cooling. Cooling rates are choosen to mimic the different conditions obtained at the surface
and in the center of large forgings. Clusters of 0.45 nm start to form at 250 C. Their volume fraction
depends strongly on the cooling rate and the amount of excess vacancies. The difference in cluster kinet-
ics explains the difference in rapid hardening across large forgings.
 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.Age-hardenable Al–Cu–Mg alloys are widely used for aerospace
and engineering applications owing to their high speciﬁc strength
and good corrosion resistance. Their age hardening response is
characterized by two distinct stages. The ﬁrst stage is deﬁned by
a fast initial increase in strength, which is known as rapid harden-
ing. It was shown by 3D atom probe tomography (APT) and
small-angle X-ray scattering (SAXS) experiments that the rapid
hardening is associated with the formation of Cu–Mg clusters [1–
4]. The second rise to peak hardness is generally ascribed to the
formation of the equilibrium S phase (Al2CuMg) [4,5].
For industrial applications, the Al–Cu–Mg alloys are commonly
processed as large components such as forgings or plates. The
mechanical properties are tailored by the age-hardening treat-
ment, which also involves a quenching step. Thermal gradients
decrease from the surface to the center and give rise to residual
stresses (RS) [6]. The magnitude of the as-quenched RS can be very
high and even exceed the as-quenched strength of the materials
[6,7]. In the case of Al–Zn–Mg–Cu alloys, the high as-quenched
RS are caused by the formation of ﬁne hardening precipitates that
form during quenching of large components and thereby increase
the yield strength of the material [8,9].In order to predict the RS formation in industrial components
during quench, the changes of the nanostructure during cooling
conditions close to industrial practice needs to be characterized
as they highly impact the yield strength and thus the internal
stress generation. Further, the inﬂuence of excess vacancies on pre-
cipitation during cooling needs to be explored. This can be done by
adapting the cooling rates at high temperature, which inﬂuence
the excess vacancy concentration due to annihilation on defects.
SAXS is a useful tool to monitor precipitation phenomena dur-
ing fast time and temperature changes given that a sufﬁciently
high electron density contrast between the precipitate and matrix
exists [4,8,10]. SAXS provides the means to collect information on
the size and volume fraction of the precipitates that can then be
directly compared to predictions of thermodynamic-based precip-
itation models [11,12]. These models can be coupled with macro-
scopic ﬁnite-element RS simulations to better predict the
residual stress formation during the processing of industrial com-
ponents [9,13] as part of through-process modeling.
This work investigates the Cu–Mg cluster formation during
cooling conditions close to industrial quenching in an Al–Cu–Mg
alloy. In addition, a cooling proﬁle with faster rates at high temper-
ature is performed in order to investigate the inﬂuence of excess
vacancies on the Cu–Mg cluster formation.
A commercial aluminum AA2618 alloy of composition Al-1.9–
2.7 Cu-1.3–1.8 Mg-0.9–1.3 Fe-0.9–1.2 Ni-0.1–0.25 Si (wt%) was
Fig. 1. (a) Cooling curves of the four quench conditions. The dashed black line
represent the cooling with a constant rate of 0.5 K/s. (b) Selected Kratky plots (Iq2
vs. q) as function of temperature for the slowest cooling condition Q4.
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3  25  0.5 mm. The samples were solutionized for 1 h at 525 C
in a salt bath and quenched in water to dissolve residual precipita-
tion. The SAXS experiments were performed at the cSAXS beamline
of the Swiss Light Source (SLS) at the Paul Scherrer Institut (PSI),
Villigen Switzerland, at a wavelength of 0.774 Å (16 keV) with a
beam size of 200  200 lm2. The range of accessible momentum
transfers was 0.007 Å1 6 q 6 1 Å1. A laser-based heating system
was used to apply the different heat treatments [14]. The particular
setup is explained in more detail in reference [8]. SAXS distribu-
tions were recorded every 0.5 s to monitor the dynamic processes
during quenching. Before each quench, the samples were solution
treated for 7 min at 525 C to homogenize the microstructure.
The intensity for each scattering vector was azimuthally aver-
aged since the 2D SAXS images revealed isotropic scattering for
all scattering angles. The detector images recorded during the
quench from solutionizing to room temperature were averaged
over 100 equidistant temperature segments (DT  4.25 K) to
enhance the measurement statistics. The scattering spectra at the
solutionizing temperature was used for background subtraction,
and the absolute intensity, I, was normalized using glassy carbon
as a secondary standard [15]. The cluster size was characterized
using a self-consistent Guinier approximation [16]. The average
cluster size is equal to the Guinier radius (Rg) when the size distri-
bution of the clusters features a dispersion of 0.2 [16]. The uncer-
tainty on the Guinier radius was calculated from the error
associated with the slope of the linear Guinier ﬁt. The scattering
invariant (Q) of the clusters was extrapolated from a q-value of
0.05 Å1 to 0 to subtract the scattering due to the S phase at low
q-values and from 0.8 to inﬁnity using the Porod asymptote. The
volume fraction, fv, was calculated from the scattering invariant
as Q ¼ R IðqÞq2dq ¼ 2P2 Dqð Þ2f v 1 f vð Þ assuming two phases that
are separated by a sharp interface. Dq is the difference in the elec-
tron density between the matrix and the clusters. The scattering
vector q is deﬁned as, q ¼ 4P=ksinð2h=2Þ, where k is the wave-
length and 2h the scattering angle. The chemical composition of
the Cu–Mg clusters was taken as 2/3 Mg, 1/3 Cu (at.) [3,4] to calcu-
late the electron density contrast. The uncertainties of the volume
fraction calculations cannot be expected to be better than ±10%
due to the uncertainties related to the absolute intensity calibra-
tion, the extrapolations of the data to 0 and inﬁnity, and the
assumptions of the chemical composition of the clusters [17].
The number density of clusters was estimated by assuming spher-
ical clusters as N ¼ f v= 4=3PR3g
 
.
To investigate the inﬂuence of excess vacancies on the cluster
formation, the changes of the vacancy site fraction during quench-
ing were estimated. The equilibrium vacancy site fraction cv,eq was
calculated using the modiﬁed Lomer equation cv,eq =
Aexp(H0/(RT)){1  13(cCu + cMg) + 12cCuexp(ECu-v/(RT)) + 12cMg
exp(EMg-v/(RT))} as proposed in reference [18]. In this equation, R is
the universal gas constant, H0 the enthalpy of vacancy formation, c
the concentration of Cu and Mg atoms, and E the binding energy
between these atoms and vacancies. The values of these parame-
ters were estimated from literature: the enthalpy of formation
was taken as 72.24 kJ/mol, and the binding energies between
vacancies and Cu and Mg atoms were assumed to be 19.29 and
24.08 kJ/mol, respectively [19,20]. The condensation rate of
the concentration of excess vacancies cv was calculated as,
ocv/ot = (cv  cv,eq)/s where s is the characteristic time
(s = (l/2p)2/Dv) [20]. The characteristic diffusion length l for
vacancy annihilation was assumed to be equal to the average grain
size of 40 lm, considering only grain boundaries as sinks for
vacancies. The diffusion of vacancies Dv deﬁned as,
Dv = CEa2exp(Hm/RT) where CE is the Einstein constant, a is the
lattice parameter and Hm the migration energy of the vacancies.A vacancy migration energy of 55.86 kJ/mol was considered, which
is within the range of values reported for Al–Cu alloys (41–
66.9 kJ/mol) [21].
Fig. 1a shows the four cooling conditions Q1–Q4 that were
applied to the specimens. The fastest quench Q1 is similar to the
cooling rates close to the surface of a thick plate. The slower
quench conditions (Q2–Q4) refers to cooling conditions that are
typical between the surface and center of larger forgings [13,20].
The cooling conditions end at 100 C since large components are
often quenched in boiling water to control RS [6].
Fig. 1b shows the evolution of the SAXS signal in the Kratky rep-
resentation (Iq2 vs. q) during the Q4 cooling, which is also a repre-
sentative scattering plot for the other four cooling conditions. At
the solutionizing temperature, no scattering effects are observed
because the scattering curve at the solutionizing temperature
was used for the background subtraction. During cooling, scatter-
ing effects are ﬁrst evidenced at low q-values, indicating the pres-
ence of large objects. These objects corresponds to the equilibrium
S phase, which precipitates between 410 C and 300 C in the
AA2618 alloy [13]. The solute loss in the peak aged T6 state due
to the formation of S phase is negligible when cooling rates are
higher than 0.5 K/s [13]. The applied cooling conditions Q1–Q4
are similar or faster than this critical rate (Fig. 1a) and therefore
the anisotropic scattering of the S phase was not observed in the
2D SAXS images.
Further cooling leads to an increasing scattered intensity at high
q-values around 0.4 Å1, which is characteristic for Cu–Mg clusters
[4]. The scattering of Cu–Mg clusters appears around 250 C and
increases as the temperature decreases to 100 C. The volume frac-
tion starts to increase around 250 C for the four cooling condi-
tions. For the slower cooling rates (Q2–Q4) the rate of volume
fraction increase decreases when the temperature gets below
170 C and seems to reach a plateau, as shown in Fig. 2a. The value
reached at 100 C is highest (2.7%) for Q4 and lowest (0.5%) for Q2.
This relates to the cooling rates in the temperature range where
Cu–Mg clusters are formed, which is the highest for Q2 (15 K/s)
Fig. 2. Evolution of (a) the volume fraction of Cu–Mg clusters, (b) the cooling rates
(note the break in the y-scale from 45 to 75 K/s) and (c) the vacancy site fraction
during the four cooling conditions as function of temperature. The dashed black
lines represents the equilibrium vacancy site fraction in (c).
Fig. 3. Evolution of the Guinier radius of the Cu–Mg clusters as function of
temperature for the cooling conditions Q1–Q4.
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clusters increases with slower cooling rates as expected when
longer precipitation time is provided.
In spite of the larger scattering on the data obtained during the
fastest cooling rate (Q1), which mimics cooling conditions at the
surface of a thick plate, the results obtained suggest a different
behavior of the volume fraction. The increase in volume fraction
is slightly shifted to lower temperatures and seems not to ﬂatten
when lower temperatures are reached. However, at the end of
the cooling proﬁle, the volume fraction of Q1 is similar to Q3
(1.8%) although the cooling rate of Q1 is considerably higher, espe-
cially between 240 and 150 C. This behavior can be related to the
vacancy concentrations.
At high temperature, the cooling rates of Q2–Q4 are very similar
and in the range of 0.5 to 1.5 K/s as illustrated in Fig. 2c. In con-
trast, the fast quench of Q1 reaches cooling rates of up to 110 K/s
at high temperature. Below 325 C, the cooling rate of Q1 decreases
consistently from 80 K/s to 5 K/s at 150 C. The high cooling
rates of Q1 prevent the annihilation of vacancies as shown in
Fig. 2c. In contrast, the slow cooling rates at high temperature for
Q2–Q4 lead to an annihilation of vacancies and a smaller amount
of excess vacancies. Below 300 C, in the temperature range where
the Cu–Mg clusters form, the vacancy site fraction stays roughly
constant for Q1–Q4, but is considerably higher for Q1. An increased
amount of excess vacancies increases the solute diffusion [20,22]
and therefore the cluster kinetics. This explains why the volume
fraction of Q1 is similar to Q3 at the end of the quench, although
the cooling rates of Q1 are much higher.Within the scatter of the data, the Guinier radii of the Cu–Mg
clusters that form during quenching is very similar for the four
cooling conditions as illustrated in Fig. 3. The Guinier radius stay
roughly constant as the temperature decreases and is in the range
of 0.35 nm (Q1) to 0.5 nm (Q3) at the end of the quenching. This
refers to a cluster number density in the range of 2  1025 m3 (Q2)
to 1  1026 m3 (Q1), which corresponds reasonably well with the
cluster densities reported in references [3,4].
Deschamps et al. reported that Cu–Mg clusters with a radius of
0.45 nm and a volume fraction of 2% (with a likely range of 1.2–
3.5%) are responsible for the rapid hardening response in this alloy
[4]. The Cu–Mg clusters that form during the different applied
cooling conditions feature similar radii and volume fractions
except in Q2, which shows a much smaller volume fraction.
Therefore when quenching large industrial components, rapid
hardening should already take place during quenching and will
vary across the cross section of the component depending on the
local cooling conditions. The rapid hardening during quench
increases the yield strength by cluster strengthening [2] and inﬂu-
ences the residual stress formation [13]. Therefore, the Cu–Mg
cluster formation needs to be taken into account in the simulation
of residual stresses by precipitation modeling [11,12].
In summary, in situ small-angle X-ray scattering experiments
performed during rapid cooling of AA2618 at cooling rates mimick-
ing industrial quenching conditions show the formation of nano-
sized Cu–Mg clusters. The Cu–Mg cluster formation starts around
250 C. The radius ranges between 0.35 and 0.5 nm and seems to
be independent of the cooling rates. However, the kinetics of the
cluster formation and the volume fraction reached are strongly
dependent on the cooling rate. As a consequence, rapid hardening
is to be expected during quenching and its dependence on cluster
volume fraction will be responsible for the formation of residual
stresses.
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